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SINGLE-PHASE RAILWAYS.

By PERCY C. JONES, Student.

(Abstract of Paper read before the STUDENTS' SECTION at Manchester,
December 8, 1908.)

In considering the advances made by various systems of electric
traction as applied to railway working, the rapidly extending use of the
single-phase type is very noticeable. It is perhaps advisable fo mention
here that the name of the system is generally taken from the type of
motor used for propelling the train, and these types may be broadly
classified under three headings :—

(a) Direct-current.
(b) Single-phase.
(c) Three-phase.

Each heading can, of course, be subdivided to designate the type
more accurately, as, for instance, there are the high- and low-tension
direct-current motors, single-phase series, and. single-phase repulsion
motors, and so forth.

The system on which the current is generated need not be that used
on the train motors, as 3-phase generation, for instance, is applicable
to all the three forms of motor when supplied to the train line through
suitable converting apparatus.

In this paper it is proposed to describe some recent railway equip-
ments on the single-phase system, and then, as it seems also necessary
in order to properly realise the advantages and disadvantages of any
particular system to consider the same points in competitive systems,
a review will be made of the three.

The Midland Railway Company's Heysham, Morecambe, and
Lancaster line is of particular interest as it is the first single-phase
line to be put into operation in this country, and in view of the
Manchester students' visit to this line the following particulars will
not be out: of place :—

Fig. 1 shows in plan the extent of the electrified lines, and also gives
particulars of the gradients and curves. The line comprises the double
roads between Heysham and Morecambe, Morecambe and Lancaster
Green Ayre, and the single line from Lancaster Green Ayre to Lan-
caster Castle Station, the total length of single road being about 21
miles. The power station, which is situated at Heysham, is a gas-
driven one working from two "Mond" producers, each of about
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750-1 ,ooo-H.P. capacity. This station originally provided only direct
current for working cranes, capstans, lifts, and other machinery, to-
gether with the lighting of the harbour at Heysham. The engine-room
originally contained threeWestinghouse 250-H.P. 3-cylinder gas engines,
each driving 150-k.w. 460-volt generators. For working the electric
railway these sets have been supplemented by one 350-H.P. engine and

a 235-k.w. 460-volt direct-current generator of the same Company's
make. The station contains a battery and booster for taking care of
the " peak" loads.

Single-phase current is obtained through two direct-current alternat-
ing-current motor-generators by the Electric Construction Company.
The continuous capacity of each of these sets is 150-200 k.w. at 6,600
volt, 25 cycles ; but as the load may vary from nothing to upwards of
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1,000 k.w. in very short periods, they are each capable of carrying an
instantaneous overload of 900 k.w. The voltage regulation is well up
to the requirements, and variations due to sudden change of load do not
alter the line voltage of 6,600 volts by more than 300 volts either way.

The alternating-current side of each motor-generator is connected
to the busbars by a hand-operated oil switch, and the current from the
busbars passes through duplicate automatic circuit breakers and dupli-
cate feeders to the overhead lines. The incoming wire from the rails
is at earth potential, and no other feeders to remote parts of the line
are used.

Considering now the overhead equipment, this is of the catenary
type. The contact wire is of figure 8 section, and is run in lengths
of from 800-1,000 yards. One end of each length is fixed through
insulators to a terminal gantry, and the other end is attached through
suitable pulleys, etc., to a weight of about 1,200 lbs. The wires are so
arranged that the trains always travel from the fixed end to the weighted
end, and the tendency of the bows is therefore always to straighten the
contact wire. The suspension of the contact wire differs from that on
other lines by a modification introduced by the Midland Railway
Company. This consists in the provision of an auxiliary steel cable
from which the contact wire is suspended by short loop̂ s about 4 in.
long. The auxiliary wire is in turn suspended from two catenary
cables. Fig. 2 shows the insulator used for supporting the catenary
cables and also the loop for suspending the contact wire from the
auxiliary cable. The contact wire is horizontally staggered on either
side of the centre line of the coach in order to distribute the wear over
a greater surface of the bow than would result if it were unstaggered.
The stagger was first made equal to 2 ft. on either side of the
centre, but it is now considered that a i-ft. stagger is preferable. It
may be mentioned here that in American practice a 9-in. stagger is
found to be quite sufficient.

The track is bonded throughout its length on the outer rails with
duplicate Forest City type bonds placed under the fish-plates, and at
crossings and junctions all rails'are bonded together. At Morecambe
and Heysham the rails are earthed in the sea by duplicate copper earth-
plates, and at Lancaster they are connected to the cast-iron columns of
the bridge where they rest in the river-bed. • ~ .

The rolling stock was built by the Railway Company and consists
of three motor-cars and four trailer-cars. The electrical equipments of
two of the motor-cars were supplied by Siemens Bros., and the re-
maining one by the Westinghouse Company.

All the motor-cars are of the open central corridor type having a
total length of 60 ft. over the end panels and an extreme width of 9 ft.
There are two bogies on each car having 8 ft. 6 in. wheel base and
3 ft. 7£ in. diameter wheels, this dimension being on the tread when
new. There are two motors per car, and these are mounted on one
truck. Broadly speaking the main difference between the two equip-
ments lies in the control systems. On the Siemens cars the switches
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which make the connections for starting and reversing the motors, etc.,
are closed by single-phase magnets acting against springs, whereas the
switches on the Westinghouse car are closed by compressed air also
acting against a spring. On the Siemens equipments the motors are
rated at 180 H.P. each, the full voltage being 340. They are of the series-
compensated type with a special auxiliary commutating winding on
the stator. There are 8 poles and 8 sets of brushes, and the motors
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FIG. 2.—Line Insulator and Contact Wire Clip.

are arranged for forced ventilation. A diagram of connections also
indicating all the apparatus on the Siemens car is shown in Fig. 3.
From this it will be seen that the current path from the contact wire
is down the two bows in parallel through the choking coil and main
automatic switch to the main transformer high-tension winding through
which the current will pass to ground. Separate low-tension windings
are provided for the motors, and from these windings tappings are
taken to the switches which vary the potential on the motors. The
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switches are controlled by a hand-operated master controller in the
driver's cabin. This master controller only handles the 150-volt
current for energising the switch magnet coils, which is a low pressure
and has no connection with the main power or high-tension circuits.
It will be seen that an auxiliary transformer provides the low-tension
current for the magnet coils and also the pump motors and lighting
circuit. The Westinghouse car is equipped with two motors, which
are of the series-compensated type having 6 poles and 6 sets of brushes.
The rating is 150 H.P., but as the forced ventilating method first intro-
duced by the Westinghouse Company on the Metropolitan Railway is
used they have a large overload capacity.

A simple diagram of the power circuit as arranged by this Company
is shown in Fig. 4. It will be seen that there is a single main trans-
former winding, one end of which is earthed and the other end

FIG. 3.—Diagram of Connections—Siemens' Control System.

connects with the 6,600-volt contact wire through the circuit breaker
and trolley bow. The switch group, preventive coils, reversers, and
motors are also indicated. On the first step switches 1, 9, 10, n ,
and \2 are closed simultaneously, and 2, 3, and 4 automatically
follow connecting the preventive coils to the low-voltage taps of the
main transformer. This step .applies the minimum pressure to the
motor circuit. The second step causes switch 1 to open and 5
to close applying an increased pressure to the motors, and this* is
further increased on successive steps. The primary use of a pre-
ventive coil is to enable the voltage on the motors to be increased
without either opening circuit on passing from one step to the next
or momentarily short-circuiting a section of the transformer. By using
three preventive coils as shown in the diagram, the path of the current to
the motors is through four switches in parallel. This allows a smaller
size of switch to be used than if one.or .two carried the whole current.
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The motors are reversed by a separate drum-type switch which
changes over the field connections.

The individual switches of the switch group, main switch, and
the reserve drum are all operated by compressed air acting on pistons
in small cylinders which have valves controlled by alternating-current
magnets, the circuits of which are excited in proper sequence by
means of the master switch.

Electro-pneumatic control has several advantages over the all-
electric system, amongst which may be mentioned—

Trolley wire
Pantograph trolley

Trcuisfcrmer

.Auxiliary
winding

Ground

FIG. 4.—Diagram of Connections.

1. A smaller master switch can be used and the currents handled
by this for the small valve magnets will be very much less
than for those of the magnetically operated switches.

2. The switch group is lighter for a given capacity.
3. The use of air for closing the switches gives greater power and

renders them independent of fluctuations of line voltage.
4. Less power is required for operation.

The provision of air-compressing apparatus will in some cases not
be entirely on account of the control apparatus, as where air brakes are
used the supply for these can be utilised.

t The master switches on both makers' equipments are of the " dead
man handle " type. The mechanism of these switches is so arranged
that when applying power, if the driver releases the forward pressure
necessary to move the handle, the main circuit will be automatically
opened and the handle will have to be returned to the " off" position
before power can be applied again to the motors.

The main transformers on both equipments are oil insulated. This
is desirable on account of the high voltage and also to prevent the
entry of moisture into the windings.



1908.] JONES : SINGLE-PHASE RAILWAYS. 729

On the Siemens car two bows are fitted for collecting the current,
while in the Westinghouse car only one is used. The former are
normally held down by a spring, and a vacuum cylinder provides the
power for raising them up. The latter type are normally held up by a
spring and lowered by air pressure to such a point that they are
retained down by a catch. This catch can be released by air pressure
from the compressor, or by means of a small hand pump. Hand
pumps are provided on both equipments so that the bows can be raised
when either vacuum or air pressure as respectively required are
unavailable.

The cars just described are representative of the most recent prac-
tice in single-phase equipments suitable for operating as motor coaches.

On equipments of lower power if the multiple unit system of
control is not required, hand-operated controllers may be used. An
example of this type is furnished by the Thamshaven Railway in
Norway, recently put in operation by the Westinghouse Company, the
general particulars of which are as follows : The railway is of metre
gauge with 20 miles of track. The contact line is fed from a sub-station
at 6,600 volts, 25 periods. This sub-station receives 3-phase current
at 15,000 volts, 50 periods, which is supplied from a water power
station. The sub-station contains two 15,000/6,600 volts 3-phase oil-
insulated transformers and two motor-generators of 250-k.v.a. continuous
capacity. The motor is of the 3-phase induction type with slip rings,
and is direct coupled to a single-phase revolving-field generator; an
exciter is also on the same shaft. The contact line is on the single
catenary principle, being suspended from insulators mounted on steel
brackets of T section, which are attached to wooden poles.

Three electric locomotives have been provided for working goods
and passenger trains, each weighs 20 tons and carries 4 motors on two
bogies. Each motor is rated at 40 H.P. for 1 hour and is of the single-
phase series-compensated type. The 4 motors are arranged in two
groups with two in series in each group. A hand-operated controller
at either end of the loco is used to connect the motors with the low-
tension tappings off the transformer. There are five steps in which
the voltage is proportionately increased when starting or for speed
regulation from 240 to a maximum of 540 volts. Further particulars of
the type of control system used can be found in Mr. H. W. Taylor's
paper on "Single Phase Railway Working," published in the Institution
Journal for 1906, vol. 37.

An example of the use of electric locomotives for tunnel work is
found in the operation of the St. Clair tunnel, which connects Port
Huron in U.S.A. with Sarnia in Canada. The actual length of the
tunnel is 6,032 ft., the electrified approach on the American side being
6,098 ft., and on the Canadian side 7,218 ft. The total length of elec-
trified line is therefore a little short of 3! miles. There is about 1 mile
of 2 per cent, grade on either side leading from that portion of the
tunnel which is directly beneath the river.

The power-station equipment is in duplicate, there being two
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1,250-k.w. 3-phase 25-cycle 3,300-volt turbo-generators, either of which
is capable of dealing with the maximum demand on the station.
Outside the power station is a vertical shaft which extends downwards
to the tunnel. Through this shaft pass the line feeders which are
directly connected to the contact line in the tunnel at this point, and
no other feeders are used for supplying more remote-parts of the line.
Although the generators are wound for 3-phase, the locomotive load
will leave one winding free, and it is interesting to note that this
method of generation is frequently adopted as it provides a spare
winding which can be utilised if anything goes wrong with one of
the other two. In the tunnel a modified form of catenary construc-
tion is used, and the steel messenger cables which support the contact
line are as close as 3 in. to the iron tunnel shell. This seems a short

. distance considering the voltage is 3,300 between the bare cables
and the shell, but no trouble has occurred on this account. The
locomotives each weigh 66 tons, and are generally used in pairs ; each
pair is capable of drawing a 1,000-ton train up the tunnel approaches
which requires a 50,000-lb. draw-bar pull. The full speed of the
locomotive is about 11 miles per hour on the grade. Each locomotive
has 3 pairs of 62-in. diameter driving wheels, each pair being driven by
a 250-H.P. single-phase motor through a gear and pinion. The motors
are of the 10-pole compensated type, and are designed to operate at
a normal voltage of 235 with a frequency of 25 cycles. The three
motors are connected in parallel, and by means of cut-out switches any
one or two can be isolated without preventing the operation of those
remaining in circuit. A blower is provided to ventilate the motors and
also the main transformer. The continuous capacity of the motors
with forced ventilation is 750 amperes at 235 volts. This rating would
permit two locomotives to pull a 2,500-ton train at a constant speed
of 15^ miles per hour for any length of time on a straight level track.
The control gear is of the electro-pneumatic type operated by means of
a small master switch. It is interesting to note that the valve magnets
which govern the admission of air to the switch piston cylinders are
operated by direct current. This is obtained from a 20-yolt storage
battery, of which two are provided, so that one is in use while the other
is charged by means of a small motor-generator set. The master
controllers operate the switches so that by connecting the motors to
different tappings on the transformer 17 running and 3 switching
notches are provided, these latter being used for running the
locomotive slowly without any load. Two or more locomotives can
be operated from one master controller when their control circuits
are connected together with jumpers. An ammeter is provided at
each end of the locomotive to assist the driver in operating the
controller, and he also has labour-saving devices within reach which,
operated by means of push buttons, work the pneumatic bell-ringer,
pneumatic Sanders, main circuit breaker reset and pantagraph bow.
The bell and Sanders can also be operated by foot pedals, which are
provided for further security.
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Fig. 5 shows the result of a test run made in actual service through
the tunnel with a 900-ton train, and indicates very well the fluctuating
nature of the load on the power house. The electrification of the line
just described is a compliment to the single-phase system, as the
entire electrical equipment had to be provided, and as all methods
of electrification were considered by the engineers of the Tunnel
Company each started on the same basis.

Having now described the principal features of some railways
equipped on the single-phase system, the remainder of this paper is
devoted to the consideration of the possibilities, advantages, and dis-
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FIG. 5.—Curves showing Result of Test run with Double Header Locomotive
drawing 900-ton Train through the St. Clair Tunnel.

advantages of the three systems which can be classified under the
names of—direct-current, single-phase, and 3-phase.

The Direct-current System.—The street tramways were the fore-
runners of present heavy electric traction, and it has been universally
admitted that a motor with characteristics of the series type is most
desirable for that class of work.

The chief advantage of the series motor is that it exerts its greatest
tractive effort at the lowest speed. In railway work the greatest tractive
effort is required at the slow speed incident to starting, and when
running at full speed a 'minimum tractive effort is needed. More
tractive effort is required on grades and curves, and this is auto-
matically obtained at the expense of speed. Since the series motor
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increases its tractive effort while decreasing its speed, the variation in
the amount of power required at different points in any cycle is less
than the variation in either tractive effort or speed. This feature tends
to keep the load on the power house more even, which would not be
the case with motors 6f the constant-speed type.

The exponents of all three systems are in agreement that a high
voltage is in most cases desirable for economic reasons to be supplied
to the train, and for long lines a high voltage is essential. Considering
the length of time that the direct-current system has been in the field,
its progress with regard to increase of voltage has been very slight,
and especially so when it is remembered that in the same period
power-transmission voltages have increased enormously.

In the earlier days of electric traction when the lines did not extend
far from the source of current supply the trolley voltage was 450-500.
This has gradually increased until 600 volts is common for railway
working, and it is possible that 800 volts may be used. This voltage
is about the maximum that can be applied to one motor, and for higher
voltages two or more motors must be connected in series. Actual
experience seems to indicate that motors of the type at present in
general use have their safe working limit at 600 volts. The addition
of commutating poles allows a further increase up to about 800 volts;
but for pressures above this the motors must be put in series. From
the motor point of view an increase of pressure means that better
insulation is required, commutating troubles are more likely to occur,
and if a flash-over between brushes happens to take place the results
are very much more serious than on lower voltages.

Perhaps the maximum direct-current voltage is obtained by the use
of the Krizik system in which two trolley lines are used, one being
1,500 volts above earth potential, and the other 1,500 volts below earth
potential. Four 750-volt series motors are used in two groups of two
motors connected in series. It is to a certain extent a 3-wire system,
the rails forming the neutral and being connected to the mid-wire. It
is only at starting, however, that the rails carry current, this resulting
from the use of one trolley circuit only so as to obtain half voltage on
the motors for starting purposes. For full-speed running the four
motors in series are across 3,000 volts, so that each motor has 750 volts
at its terminals.

It must not be overlooked that higher voltages require extra pre-
cautions for safety in the control gear, and although for a given power
the current is proportionately less than for lower voltages, the gain in
lighter switch contacts, etc., is more than off-set by the increased
insulation required. As there are limits to the voltage on a direct-
current railway motor, so there are limits to the voltage which can
be supplied by a direct-current generator or rotary converter when
operating on the fluctuating load which occurs in railway service.
For suburban railways of large towns where a very dense amount
of passenger traffic has to be handled on comparatively short lines, the
direct-current system has advantages over its competitors.
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The proposition of electrifying any railway, apart from special
problems of engineering, is not a technical, but a financial matter, and
provided different systems will meet the requirements of the line, then
the selection of the particular one depends on cost, considering both
first cost and upkeep. As the 3-phase system is not suitable for
suburban lines for reasons given later, the choice rests between the
direct-current and single-phase systems. Broadly speaking, it is found
that where a city has a large passenger traffic to its suburbs, the direct-
current operation of the trains will cost less. This results from there
being required a large quantity of rolling stock, and as the cost of
a single-phase electrical equipment will usually be about one-third
more than the corresponding direct-current equipment, the extra cost
on a large number of single-phase equipments more than balances the
cost of the rotating machinery sub-stations of the direct-current system.
The generating station, assuming this to be of the 3-phase type with
high-tension feeders to sub-stations, would be approximately the same
for either system. Another point in favour of the direct-current system
is the use of the third rail instead of the overhead trolley line. Which-
ever is used, repairs and inspection are continually going along ; but as
the train service is very frequent, it is practically impossible to inspect
or repair an overhead trolley wire except during a few hours in the
night. To do this requires a special night staff, and the work is of
a less satisfactory nature than if done in daylight. With the third rail
inspection can be made at all times, and some repairs can be made
without stopping the train service, the work being done by the
permanent-way staff.

The single-phase system will now be considered.
The advent of the single-phase commutator motor has provided

a machine having the desirable characteristics of the direct-current
series motor without in any way limiting the voltage at which current
can be supplied to the train. There are a number of types of this
motor differing from one another in their method of connections, but
so far as railway work is concerned there are two principal types which
are shown diagramatically in Fig. 6. These can have minor modifica-
tions which do not, however, influence their principle of operation to
any great extent.

A is the compensated series motor.
B is the compensated repulsion motor.

The former type is the one most largely used, and gives a simpler
and slightly lighter machine than the latter, the principal claim of
which is that higher voltages can be put directly on the motor. This
point is of little practical value as the increase is not sufficient to enable
the high voltages which it is desirable to use in single-phase working
to be directly applied to the motor. A step-down transformer has to be
used which is equivalent to the auto transformer of the compensated
series motor.

By the use of the auto transformer a most desirable feature in
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railway working is obtained. This is that a low voltage can be used
on the motor however high the trolley voltage may be above ground
potential. On any railway system a large proportion of breakdowns
occur through insulation failure, and as the full voltage ever applied to
the alternating-current series motor does not generally exceed 300 volts
the chances for trouble in this direction are decreased. From this it
will be seen that while increase of supply voltage on the direct-current
system necessitates an increase of voltage on the motor, which is
undesirable from every point of view, yet the increase in single-phase
supply voltage does not necessitate any increase of pressure on the
motor. The high-tension circuit being confined to a single path—i.e.,
from trolley through the auto transformer to ground—can be well
isolated from the rest of the electrical equipment, so that in addition to
the motors the control gear also works on a low voltage.

Another advantage over the direct-current system is that every

/wv
Compensated Repulsion

Motor

FIG. 6.

variation in the voltage applied to the motor, is obtained from
tappings to the auto transformer winding, and not by the insertion
of ohmic resistance into the circuit with its accompanying losses.

It is often stated as an argument against the single-phase motor
that it gives an intermittent draw-bar pull. A little consideration will
show that this does not result in actual practice. The motor frame
being spring suspended does not provide a perfectly rigid take-off
point from which the torque is exerted, and there is a certain amount of
give in the motor shaft, gears, and axle ; there is also the inertia of the
revolving parts to be taken into account. Now as the current alter-
nates so rapidly and there are the spring and inertia effects to smooth
out the torque variations, it is not possible that any detectable variation
will reach the rim of the driving wheels. This is quite borne out in
practice by the draw-bar pull of single-phase locomotives being as
high per ton weight on the driving wheels as for direct-current equip-
ments. In a steam locomotive the torque variation does produce
slipping much more easily than with any electric motor, but in this
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case the alternations are at a very slow rate compared with those of the
single-phase motor, and the drive is more rigid.

In the generating and transmission of the power there is no moving
machinery between the generators and the motors in the train, all
pressure changes being obtained by transformers, and as these are
more efficient than the rotating transforming machinery for direct-
current supply and also do not require as much space or attention, this
forms an advantage for the single-phase system. Comparing the
efficiency of both systems the advantage appears to lie with the single-
phase when the whole of the plant involved is taken into consideration.
Comparing the rolling stock efficiencies alone the direct current is
higher due to the electrical equipment being lighter. If, however,
the train is frequently started and stopped or speed variation is
required, as in freight service, then, due to the absence of rheostatic
losses on the alternating-current system, the efficiencies might be equal
or in favour of the alternating-current system. The alternating-current
trolley losses when a suitable voltage is used would be less than the
direct-current third-rail losses, and the higher efficiency of the single-
phase system sub-stations would in most cases alone make up for the
increased weight of the alternating-current rolling stock, even if the
starting and stopping was infrequent and no speed regulation required.
The sub-station feeder losses would be the same in either case. In the
power station less total output would generally be required for the
single-phase system. In some cases, of course, the power station could
feed the alternating-current trolley direct, where on the direct-current
system sub-stations would be essential. It has been mentioned that
the alternating-current electrical equipment is heavier than the
equivalent direct-current equipment, and where the latter is expressed
as a percentage of the former it may through misconception be applied
to the percentage difference of the train weights which have to be
moved at the expense of the electrical energy. This is incorrect, of
course, as the electrical equipment forming only a portion of the train
weight will cause less percentage difference in complete train weights
than between electrical equipments alone. As at present most heavy
suburban electric traction is worked on the direct-current system,
the fact that alternating-current single-phase equipments can also be
operated by direct current will for the immediate future be very
convenient.

A few points of the 3-phase system will now be considered.
Three-Phase System.—The motor used on this system is of the poly-

phase induction type, which tends to give constant speed at all loads.
This is one of the features which limit the use of the 3-phase system to
particular cases of electric traction. It has already been described
why the series characteristic is desirable in railway motors, and it may
now be pointed out that the 3-phase motor gives a torque which is
directly proportional to the power supplied irrespective of the motor
speed. Without considering the motor losses, the power supplied at
full speed appears as useful output, but at half speed the same amount
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of power has to be supplied, half of whfch is wasted in heat and the
other half appears as useful output. At one-tenth speed nine-tenths of
the power supplied are wasted in heat. This undesirable feature of
the 3-phase motor is partly overcome by using two or more motors
connected together in "cascade" or "tandem." In this method the
main motor has its stator winding connected to line and its rotor
winding feeds the cascade motor. With two motors so connected the
combination practically acts as one motor with twice the number of
poles, and thus half speed is obtained. Lower speeds are obtained
by regulating the resistance in the rotor circuit of the cascade motor.
Above half speed the cascade motor is cut out and runs idle, the
gradual increase to full speed being effected by cutting resistance out
of the rotor circuit of the main motor.

Another method by which different speeds can be obtained is by
altering the field connections to obtain different numbers of poles.
It is evident, however, that whichever method is used the number of
efficient running speeds is limited. When full speed is obtained it will
tend to keep constant whatever the gradient of the line may be, and so
throw a very variable load on the power house. There is no possibility
of running faster to make up lost time, but there is also no possibility
of racing downhill. The efficiency of acceleration for 3-phase motors
is not comparable with that of alternating-current or direct-current
series motors, and where the accelerating period is considerable in the
cycle of operations as happens for city and suburban work, this point
counts against the 3-phase system. The direct-current series motor
when giving constant acceleration ultimately reaches a point at about
60 per cent, of the free running speed where it can be connected to the
supply without resistances in circuit, and from this point the accelera-
tion gradually decreases, and at the same time the current decreases
until constant speed is reached. In the single-phase alternating-
current motor this point occurs at 40 per cent, of the free running
speed, and so on both types of series motor the peak load demand is
less than with the 3-phase motor which requires the accelerating
current maintaining a full value until full speed is reached. Since the
induction motor tends to run at practically constant speed for all loads,
if two motors are working together and there happens to be a slight
difference in their driving diameters due to wear, then the load will not
divide equally. To overcome this difficulty adjustable resistances are
connected in the rotor circuits by which the load can be made to
approximately equalise. The 3-phase system requires two overhead
trolley wires which are at different potentials, and so it is a difficult
proposition to arrange the lines at crossovers and in shunting yards ; it
also tends to limit the voltage which can be safely used. An advantage
of the induction motor is its ability to return power to the line when
run slightly above synchronous speed. The advantage is not so much
from the point of view that power is returned to the line, as this is
undesirable in some cases, but the motors acting as generators form
an efficient brake for safely descending long grades. It is only fair to



1908.] JONES : SINGLE-PHASE RAILWAYS. 737

note, however, that the direct-current and single-phase motors can also
be arranged to regenerate. Although this system is handicapped by the
necessity of using two overhead wires, and in some cases by the
characteristic of the induction motor, yet for mountain railways and
straight point-to-point runs as in tunnel haulage for steam lines, it has a
field. There is no doubt that the introduction of the single-phase series
motor has reduced the sphere of operation of the 3-phase system, but
at present there is room for both. When railway electrification-
becomes more general and standardisation is necessary to effect inter-
running of different lines one system will have to be used, and unless
some radical change takes place the general suitability of the single-
phase system for all classes of railway work tends to point to the
adoption of that system.

In conclusion, I must thank the following firms for the information
they kindly placed at my disposal: The British Westinghouse Electrical
and Manufacturing Company, Ltd.; The British Thomson Houston
Company, and the G. E. Company of U.S.A; Messrs. Siemens Bros.,
Dynamo Works, Ltd.; The Electrical Company, Ltd., and the A. E. G.
of Berlin ; and The Lahmeyer Electrical Company.


